.-Modulation of mitochondrial respiratory chain, dehydrogenase, and nucleotide-metabolizing enzyme activities is fundamental to cellular protection. Here, we demonstrate that the potassium channel opener diazoxide, within its cardioprotective concentration range, modulated the activity of flavin adenine dinucleotide-dependent succinate dehydrogenase with an IC50 of 32 M and reduced the rate of succinatesupported generation of reactive oxygen species (ROS) in heart mitochondria. 5-Hydroxydecanoic fatty acid circumvented diazoxide-inhibited succinate dehydrogenase-driven electron flow, indicating a metabolism-dependent supply of redox equivalents to the respiratory chain. In perfused rat hearts, diazoxide diminished the generation of malondialdehyde, a marker of oxidative stress, which, however, increased on diazoxide washout. This effect of diazoxide mimicked ischemic preconditioning and was associated with reduced oxidative damage on ischemia-reperfusion. Diazoxide reduced cellular and mitochondrial ATPase activities, along with nucleotide degradation, contributing to preservation of myocardial ATP levels during ischemia. Thus, by targeting nucleotide-requiring enzymes, particularly mitochondrial succinate dehydrogenase and cellular ATPases, diazoxide reduces ROS generation and nucleotide degradation, resulting in preservation of myocardial energetics under stress. potassium channel openers; mitochondria; ATP-sensitive potassium channel; dehydrogenase ADJUSTMENTS IN CELLULAR ENERGETIC and ionic status are essential in the maintenance of cell tolerance to metabolic stress (11, 51, 53, 60) . In cardiac muscle, during an ischemia-reperfusion challenge, adenine nucleotide homeostasis depends critically on the activity of nucleotide-metabolizing enzymes and the extent of tissue oxidative stress closely relates to the rate of dehydrogenase-catalyzed reactions (10, 30, 40, 46, 54) . Although the nucleotide binding properties and regulatory mechanisms of dehydrogenases and ATPases/ kinases are rather similar (14, 21, 62) , their integral role in cellular protection is poorly understood.
ADJUSTMENTS IN CELLULAR ENERGETIC and ionic status are essential in the maintenance of cell tolerance to metabolic stress (11, 51, 53, 60) . In cardiac muscle, during an ischemia-reperfusion challenge, adenine nucleotide homeostasis depends critically on the activity of nucleotide-metabolizing enzymes and the extent of tissue oxidative stress closely relates to the rate of dehydrogenase-catalyzed reactions (10, 30, 40, 46, 54) . Although the nucleotide binding properties and regulatory mechanisms of dehydrogenases and ATPases/ kinases are rather similar (14, 21, 62) , their integral role in cellular protection is poorly understood.
Protection of mitochondrial energetics, attenuation of oxidative damage, and reduction of infarct size can be induced by ATP-sensitive potassium (K ATP ) channel openers, such as diazoxide (19, 20, 43, 46, 63) . Diazoxide targets the mitochondrial respiratory chain and potassium conductances of the inner membrane (18, 23, 24, 28, 43, 45, 57, 58) . Opening of sarcolemmal K ATP channels and shortening of the cardiac action potential appear not to be a prerequisite for diazoxide-mediated cardioprotection (16, 20, 35) , and the effect of diazoxide on the mitochondrial redox state is preserved in K ATP channel-deficient cardiomyocytes (61) . Thus the search for the mechanism responsible for diazoxide-induced cardioprotection has focused on mitochondrial function (9, 24, 29, 46) . Indeed, a number of strategies that modulate mitochondrial respiration, ATP production, ion transport, and/or free radical generation have been proven effective in tissue preservation (39, 52, 53, 60) .
Early studies indicated that diazoxide could inhibit mitochondrial succinate and ␣-glycerophosphate dehydrogenases, reduce succinate-supported Ca 2ϩ uptake, and induce flavoprotein oxidation, effects mimicked by succinate dehydrogenase inhibitors (36, 50, 57, 58) . Recently, the ability of diazoxide to modulate mitochondrial succinate oxidation was confirmed (18, 23, 45) and proposed as a potential mechanism for cardioprotection (63) . Regulation of the flavoprotein redox state is of importance because components of the mitochondrial respiratory chain, in particular succinate dehydrogenase and the coenzyme Q cycle, are sites of free radical production contributing to oxidative injury (8, 30, 67) . Short-term tissue exposure to inhibitors of succinate dehydrogenase produces an antiischemic, preconditioning-like effect (44, 69) . In fact, a number of cardioprotective drugs, including certain volatile anesthetics, target both mitochondrial dehydrogenases and ATPases (1, 26, 68) , producing an effect additive to diazoxide on flavoprotein oxidation (72) . Moreover, protection by diazoxide has been associated with attenuation of mitochondrial oxidant stress at reoxygenation, an effect mimicked by free radical scavenging systems or by malonate, an inhibitor of succinate dehydrogenase (46) . Thus, although diazoxide can regulate ion fluxes across the inner mitochondrial membrane and mitochondrial volume (20, 24, 60) , these studies suggest an alternative K ϩ -independent mechanism of mitochondrial protection. It is, however, unknown whether modulation of nucleotide-requiring enzymes, such as cellular ATPases and dehydrogenases, by diazoxide (3, 50, 58) contributes to cellular protection.
The purpose of the present study was to determine the effects of diazoxide on succinate dehydrogenase activity and succinate-supported generation of reactive oxygen species (ROS) as well as on cellular and mitochondrial ATPases and nucleotide degradation. We demonstrate that modulation of dehydrogenase activity-dependent free radical generation and nucleotideconsuming ATPase activities contribute to the cardioprotective and energy-sparing effects of diazoxide.
METHODS
The investigation conformed to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (1996) and was approved by the Institutional Animal Care and Use Committee.
Cardiac mitochondria. Mitochondria were isolated from hearts of pentobarbital sodium-anesthetized rats (Harlan Sprague Dawley) as described previously (24, 46) . Ventricles were removed into ice-cold isolation buffer (in mM: 50 sucrose, 200 mannitol, 5 KH 2PO4, 1 EGTA, and 5 MOPS, pH 7.3, with 0.2% BSA) and homogenized, and the mitochondrial fraction was obtained by differential centrifugation. Mitochondria were washed and suspended in isolation buffer (without EGTA and BSA) and kept on ice or frozen at Ϫ20°C.
Heart perfusion. Excised hearts from heparinized (500 units ip) and anesthetized (75 mg/kg pentobarbital ip) rats were perfused on a Langendorff apparatus with a 95% O 2-5% CO2 saturated Krebs-Henseleit solution (in mM: 118 NaCl, 5.3 KCl, 2.0 CaCl2, 19 NaHCO3, 1.2 MgSO4, 11.0 glucose, and 0.5 EDTA; 37°C) at a perfusion pressure of 70 mmHg (51) . Left ventricular developed pressure, left ventricular enddiastolic pressure, rate-pressure product (RPP), and heart rate were determined with a fluid-filled balloon-tipped pressure transducer (Harvard Apparatus). After 20 min of stabilization, hearts were perfused for 6 min with medium containing diazoxide (30 M) or vehicle containing 0.03% of the solvent DMSO followed by a 5-min washout. Hearts were then subjected to 30 min of zero-flow normothermic ischemia followed by a 30-min reperfusion. Preconditioned hearts were perfused for 20 min and then subjected to two "conditioning" cycles, 5 min of ischemia plus 5 min of reperfusion each, followed by 30-min ischemia and 30-min reperfusion.
Succinate dehydrogenase. The activity of succinate dehydrogenase was determined in isolated mitochondria with a spectrophotometric method (12, 21) . The assay mixture contained (in mM) 50 Tris ⅐ HCl buffer (pH 8.0), 3 KCN, 0.42 phenazine methosulfonate, and 0.042 2,6-dichloroindophenol (DCIP) with 6 M rotenone and 0.1 mg/ml protein of intact or freeze-thawed mitochondria. The reaction was initiated by 10-20 mM succinate, and the rate of DCIP reduction was followed at 600 nm.
Reactive oxygen species. The rate of superoxide anion (O 2 Ϫ ⅐) generation was measured as SOD-inhibitable reduction of acetylated ferricytochrome c (4). The reaction mixture contained 0.1 M potassium phosphate buffer (pH 7.4), 7.2 M acetylated cytochrome c, 2 M antimycin A, 6 M rotenone, 10 mM succinate, and 20-30 g/ml mitochondrial protein; 100 units of SOD/ml were added to the reference cuvette. The reduction of acetylated cytochrome c was monitored at 550-540 nm. The production of O 2 Ϫ ⅐ was calculated with the extinction coefficient of 19.0 mM Ϫ1 ⅐ cm Ϫ1 . To measure the production of H2O2 and other ROS, mitochondria were preloaded with 10 M of the ROS-sensitive dye 2Ј,7Ј-dichlorofluorescein (DCF) diacetate for 30 min in aerated cell culture flasks (46, 65) . Mitochondrial aliquots (100 l) were diluted with 1 ml of H 2O, and DCF fluorescence in mitochondrial suspensions was measured with a spectrofluorometer at excitation and emission wavelengths of 500 and 530 nm, respectively. DCF fluorescence was normalized to maximal values obtained by exposing mitochondrial suspension to 1 mM H 2O2. The rate of ROS generation in perfused hearts was determined by measuring release of malondialdehyde (MDA), a lipid peroxidation product, into the coronary perfusate. The amount of MDA was determined by a thiobarbituric acid-based method (47) .
ATPase activity. Myocardial oligomycin-insensitive Ca 2ϩ / Mg 2ϩ -ATPase activity was measured in heart homogenates (55) with an EnzChek inorganic phosphate assay kit (Molecular Probes). Tissue homogenates were prepared from hearts pulverized under liquid nitrogen and diluted with 10 volumes of buffer containing 0.25 M sucrose, 20 mM MOPS, pH 7.5, and the protease inhibitor cocktail Complete (Roche). The resulting suspension was homogenized with a Polytron PT 10/35 for 2 ϫ 5 s. The ATPase assay mixture contained (in mM) 100 KCl, 20 HEPES (pH 7.35), 1 EGTA, 5 MgCl 2, 1 CaCl2, and 5 NaN3 with 1 g/ml oligomycin, and the reaction was initiated by 1 mM ATP. Mitochondrial ATPase activity was measured by liberation of inorganic phosphate (54) with the EnzChek kit (Molecular Probes). Incubation medium contained 50 mM Tris-Cl (pH 8.0), 1 mM ATP, and 30 g/ml of mitochondrial protein, and the reaction was started with 1 mM MgCl 2.
ATP levels and nucleotide degradation. ATP levels were determined in perchloric acid extracts of freeze-clamped control or ischemic tissue with HPLC (51). Nucleotide degradation products, namely, adenosine, inosine, hypoxanthine, xanthine, and uric acid, were measured with reverse-phase HPLC (40) . Ischemia was simulated by incubating myocardial tissue (0.04-0.06 g) for 10 min at 37°C in deoxygenated heart perfusion medium (in mM: 137 NaCl, 5 KCl, 2 CaCl 2, 1 MgCl2, 1 NaH2PO4, 0.05 EDTA, and 24 NaHCO3; pH 7.45) gassed with 95% N2-5% CO2. Control tissue was incubated for the same time in oxygenated medium gassed with 95% O 2-5% CO2.
Chemicals. Diazoxide was purchased from RBI and dissolved as a concentrated stock solution in DMSO. The maximal concentration of DMSO within the incubation medium was kept under 0.1%, and control experiments were performed with corresponding DMSO concentrations. 5-Hydroxydecanoic fatty acid (5-HD) was purchased from ICN Biomedicals and dissolved in incubation medium. All other chemicals were obtained from Sigma.
Statistical analysis. Data are presented as means Ϯ SE. Group comparisons were performed with Student's t-test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Diazoxide inhibits succinate dehydrogenase activity and succinate-supported generation of ROS in heart mitochondria. The effects of diazoxide on cardiac mitochondria were previously related to regulation of ion fluxes, substrate oxidation, and matrix volume (9, 20, 24, 29, 60) . Here, we demonstrate that diazoxide is also a potent inhibitor of succinate dehydrogenase in iso-lated heart mitochondria ( Fig. 1A) . At baseline, mitochondrial succinate dehydrogenase activity was 68.8 Ϯ 1.5 nmol ⅐ min Ϫ1 ⅐ mg protein Ϫ1 (n ϭ 6) and was inhibited by diazoxide in a concentration-dependent manner with an IC 50 of 32 Ϯ 7 M (n ϭ 6; Fig. 1A ). Mitochondrial succinate dehydrogenase, coupled with the coenzyme Q cycle, is a site of generation of ROS, and its activation has been implicated in tissue oxidative damage (8, 10, 21, 30) . Treatment of mitochondria with diazoxide reduced succinate-supported ROS generation, assessed by the decrease in fluorescence of DCF (Fig. 1B) , which detects H 2 O 2 along with other reactive species (46, 65) . On average, in heart mitochondria treated with 20 and 50 M diazoxide, ROS generation was reduced by 34% and 43% (P Ͻ 0.05, n ϭ 6), respectively, compared with nontreated controls (Fig.  1B) . Diazoxide was effective in inhibiting succinatedependent O 2 Ϫ ⅐ production (Fig. 1C) , measured with acetylated cytochrome c, a sensitive detection probe (4). Superoxide-induced reduction of acetylated cytochrome c was blocked by the O 2 Ϫ ⅐ scavenger SOD, indicating the specificity of the probe (Fig. 1C) . On average, diazoxide (50 M) significantly reduced the rate of O 2 Ϫ ⅐ generation from 11.1 Ϯ 1.6 to 6.4 Ϯ 1.0 nmol ⅐ min Ϫ1 ⅐ mg protein Ϫ1 (P Ͻ 0.05, n ϭ 5) in control and diazoxide-treated mitochondria, respectively (Fig.  1D ). This effect was mimicked by malonate (5 mM), an inhibitor of succinate dehydrogenase, which reduced the rate of O 2 Ϫ ⅐ production to 2.5 Ϯ 0.4 nmol ⅐ min Ϫ1 ⅐ mg protein Ϫ1 (P Ͻ 0.01, n ϭ 5; Fig. 1D ). Thus modulation of succinate dehydrogenase activity by diazoxide has a profound effect on the ability of mitochondria to generate an excess of ROS.
5-HD circumvents diazoxide-inhibited succinate dehydrogenase-driven electron flow. 5-HD antagonizes the effect of diazoxide on mitochondrial flavoprotein oxidation and cardioprotection (20, 35) . Here, the reduced rate of electron transfer through the respiratory chain complex II, after succinate dehydrogenase inhibition by diazoxide, was accelerated in the presence of 5-HD ( Table 1 ), indicating that this medium-chain fatty acid could counteract the effect of diazoxide on succinate dehydrogenase activity and/or be metabolized in heart mitochondria, generating electron flow. 5-HD per se did not reverse diazoxide-mediated inhibition of the activity of soluble succinate dehydrogenase (42.8 Ϯ 2.2 and 43.6 Ϯ 3.1 nmol ⅐ min Ϫ1 ⅐ mg protein Ϫ1 at 50 M diazoxide in the absence and presence of 500 M 5-HD, respectively; n ϭ 3 each), suggesting a metabolism-related effect (23, 60) . Thus 5-HD apparently supplies redox equivalents to the respiratory chain, thereby bypassing diazoxide inhibition of succinate dehydrogenase. Fig. 1 . Diazoxide inhibits succinate dehydrogenase (SDH) activity and succinatesupported reactive oxygen species (ROS) generation. A: concentration dependence of diazoxide inhibition of SDH activity in heart mitochondria. B: effect of diazoxide on ROS production in heart mitochondria measured by 2Ј,7Ј-dichlorofluorescein (DCF) fluorescence, with 10 mM succinate as substrate. C: effect of diazoxide (50 M) on kinetics of superoxide generation by heart mitochondria measured by reduction of acetylated cytochrome c. Substrate, 10 mM succinate; SOD, 500 U/ml. D: effect of diazoxide (50 M) and malonate (5 mM), an inhibitor of SDH, on succinate-supported O 2 Ϫ ⅐ production in heart mitochondria. * Significantly different from control.
Diazoxide mimics ischemic preconditioning in regulating ROS generation in perfused heart. Diazoxide reduces ROS generation in isolated heart mitochondria and myocardium on reoxygenation (43, 46) and, depending on experimental conditions, could also increase ROS release (5, 15, 22) . Here, in perfused hearts, a brief (6 min) exposure to diazoxide (30 M) reduced, by 42 Ϯ 4.3% (n ϭ 5, P Ͻ 0.05), release of MDA ( Fig. 2A) , a product of ROS interaction with cellular constituents and an indicator of oxidative stress (47) . On diazoxide washout, MDA release in the coronary effluent was augmented by 43 Ϯ 3.8% (n ϭ 5, P Ͻ 0.05; Fig. 3A) . After ischemia-reperfusion, in diazoxide-pretreated hearts, MDA release was diminished, by 48 Ϯ 4.6% (n ϭ 5), compared with nontreated controls (P Ͻ 0.01; Fig. 2A) . Reduction of oxidative stress by diazoxide on reperfusion was associated with improved postischemic contractile recovery, with the RPP at 6,658 Ϯ 1,517 mmHg/min in nontreated (a 22 Ϯ 5.0% recovery from preischemic value) vs. 18,570 Ϯ 5,062 mmHg/min in diazoxide-pretreated (a 57 Ϯ 6.7% recovery from preischemic value; P Ͻ 0.05, n ϭ 5 each) hearts. These cyclical effects of diazoxide on MDA generation were similar to those produced by ischemic preconditioning induced by two conditioning cycles of short ischemia-reperfusion (Fig. 2B) . Compared with nonpreconditioned hearts, MDA release was increased by 46 Ϯ 3.6% and 32 Ϯ 2.8% (n ϭ 3, P Ͻ 0.05) after the first and second 5-min preconditioning cycle, respectively, but significantly decreased, by 59 Ϯ 3.1% (n ϭ 3, P Ͻ 0.01), on reperfusion after prolonged (45 min) ischemia (Fig. 2B) . Thus exposure of heart muscle to diazoxide reduces production of free radical species and on washout, through an ischemic preconditioning-like effect on ROS generation, induces protection of the myocardium at reperfusion.
Diazoxide reduces cellular and mitochondrial ATPase activities and preserves ATP levels in ischemia. Potassium channel openers reduce the drop in ATP levels in myocardial ischemia, thereby preserving cellular highenergy phosphate pools (16, 20, 38) . However, the mechanism underlying this energy-sparing effect remains obscure, because it is uncertain how it can be related to modulation of a mitochondrial potassium conductance and/or regulation of the mitochondrial redox state and ROS production (19, 31, 35, 63) . Here, in myocardial homogenates, diazoxide (50 M) reduced the activity of cellular, oligomycin-insensitive Ca 2ϩ / Mg 2ϩ -ATPases by 28%, from 564 Ϯ 24 to 408 Ϯ 27 nmol ⅐ min Ϫ1 ⅐ mg protein Ϫ1 (P Ͻ 0.05, n ϭ 5; Fig. 3A ). Oligomycin was included to separate cytosolic from oligomycin-sensitive mitochondrial ATPases. Diazoxide also inhibited ATPase activity in isolated cardiac mitochondria (Fig. 3B) . Specifically, in hypotonically permeabilized mitochondria (54), diazoxide (50 M) reduced the activity of oligomycin-sensitive F o F 1 -ATPase by 27%, from 1,947 Ϯ 50 to 1,429 Ϯ 88 nmol ⅐ min Ϫ1 ⅐ mg protein Ϫ1 (P Ͻ 0.05, n ϭ 3). Thus, besides sulfonylurea receptors, which belong to the family of ATP-binding cassette proteins (3, 41) , diazoxide also targets other adenine nucleotide binding pro- Data represent means Ϯ SE of 3 separate mitochondrial preparations. Intact heart mitochondria were preincubated for 5 min with corresponding substrates and drugs in a medium containing 110 mM KCl, 5 mM K2HPO4, 10 mM MOPS (pH 7.3), 3 mM KCN, 6 M rotenone, 0.42 mM phenazine methosulfonate (PMS), 0.042 mM 2,6-dichloroindophenol (DCIP), 1 mM ATP, 50 M coenzyme A, 0.5 mM L-carnitine, 1 g/ml oligomycin, and 0.1 mg/ml mitochondrial protein. 5-HD, 5-hydroxydecanoic acid. * P Ͻ 0.05 compared with succinate; † P Ͻ 0.05 compared with succinate ϩ diazoxide. teins, such as cellular ATPases. In this regard, treatment with diazoxide (50 M) significantly ameliorated myocardial ATP during ischemia (Fig. 3C) . After 10 min of ischemic conditions, myocardial ATP levels were 5.4 Ϯ 0.4 and 17.1 Ϯ 1.2 nmol/mg protein in control and diazoxide-treated tissue, respectively (P Ͻ 0.05, n ϭ 5 each). Diazoxide also markedly reduced adenine nucleotide degradation during simulated ischemia, as indicated by lower myocardial levels of total purine nucleosides in diazoxide-treated compared with nontreated hearts (Fig. 3D) . Purine nucleoside levels, at 10 min of ischemia, were 12.4 Ϯ 1.2 and 7.4 Ϯ 1.0 nmol/mg protein in nontreated and diazoxide-treated myocardium, (P Ͻ 0.05, n ϭ 5 each), respectively (Fig. 3D) . In addition, in the ischemic myocardium, diazoxide reduced to a greater extent the xanthine compared with the hypoxanthine content, i.e., 59 Ϯ 4.8% vs. 12 Ϯ 2.1% (P Ͻ 0.05, n ϭ 3). This suggests that conversion of hypoxanthine to xanthine, catalyzed by the flavoprotein-dependent xanthine oxidase/dehydrogenase (48) , is reduced after diazoxide treatment. Thus, by attenuating cytosolic and mitochondrial ATPase activities and targeting downstream nucleotide degradation pathways, diazoxide contributes to the preservation of the cellular adenine nucleotide pool.
DISCUSSION
Myocardial resistance to metabolic challenge depends on maintained cellular energetic and ionic homeostasis (11, 20, 40, 51, 60) . In this regard, potassium channel openers, such as diazoxide, that target mitochondrial functions have emerged as potent cytoprotective agents; yet the mechanisms responsible for their cardioprotective effect are not fully understood (19, 25, 46, 63) . Potassium conductance of the mitochondrial inner membrane plays a significant role in mitochondrial physiology (2, 60) , but the significance of modulating mitochondrial membrane permeability in cardiac protection remains elusive (23, 46, 60, 63) . In fact, the substrate dependence of diazoxide effects on mitochondrial respiration (18, 23, 28) , calcium transport (36) , and flavoprotein oxidation (23, 34, 57, 61) argues against the involvement of changes in inner membrane potassium conductance as a sole mechanism of protection.
Here, diazoxide, in its cardioprotective range of concentrations, inhibited flavin adenine dinucleotide-dependent succinate dehydrogenase activity and reduced succinate-supported generation of ROS in heart mitochondria. Diazoxide attenuated cellular and mitochondrial ATPase activities and nucleotide degradation pathways, limiting the decline in myocardial ATP during ischemia. Diazoxide also mimicked ischemic preconditioning-induced cycles of increase and decrease in ROS generation in perfused heart, resulting in improved contractile recovery. Thus, although changes in potassium conductance of the inner mitochondrial membrane could affect mitochondrial membrane potential, calcium transport, and nucleotide hydrolysis (6-8, 31, 32) , by targeting nucleotide-requiring enzymes, diazoxide reduces tissue oxidative damage, pre- serves cellular ATP, and triggers preconditioning events.
Succinate dehydrogenase is a four-subunit membrane molecular complex integrated with the mitochondrial respiratory chain that links the tricarbocylic acid and coenzyme Q cycles promoting electron flow and energy-dependent mitochondrial functions, such as ATP production and Ca 2ϩ transport (21, 33) . Vigorous succinate oxidation, associated with high activity of succinate dehydrogenase, hyperpolarizes mitochondrial inner membrane to sustain higher rates of ATP production compared with oxidation of NAD-dependent substrates (12, 21, 64) . However, excessive succinate oxidation, which occurs on reoxygenation after ischemia as succinate accumulates (70), could be a major source of ROS and tissue damage (7, 30, 67) . This mandates tight control of succinate dehydrogenase activity, which is achieved by endogenous inhibitors such as oxaloacetate (12, 21) . Thus the inhibition of heart mitochondrial succinate dehydrogenase and succinate-supported ROS generation observed here by diazoxide underscores the role of dehydrogenases in mitochondrial physiology and cell protection (12, 21, 30, 69) .
Original reports demonstrated that low micromolar concentrations of diazoxide modulate succinate oxidation and dehydrogenase activity, with an estimated IC 50 in the 50 M range (58), close to the 32 Ϯ 7 M obtained here. The extent of modulation of flavoprotein dehydrogenase activity in the intact heart by diazoxide could differ from that observed in soluble or membrane preparations; yet, cardioprotective concentrations (Ͻ100 M) of diazoxide do affect succinate oxidation in heart mitochondria as confirmed in recent reports (23) . Higher concentrations of diazoxide may be required for full inhibition of succinate oxidation (31), possibly depending on the mitochondrial preparation, the presence of albumin, or other substrates. Because complete inhibition of dehydrogenases is cytotoxic, only partial modulation of succinate dehydrogenase activity is apparently sufficient for induction of cytoprotection (23, 44, 53, 69) .
Excessive ROS production is a major contributor to myocardial damage (67); yet, short-term free radical bursts can modulate enzyme activities, including succinate dehydrogenase (10) , and initiate signal transduction events promoting preconditioning (66) . In fact, although diazoxide suppresses ROS generation in perfused hearts, removal of diazoxide before ischemic insult was associated with a burst in ROS generation. The effect of diazoxide mimicked the pattern of ischemic preconditioning-induced regulation of ROS generation before prolonged ischemia and was associated with attenuated oxidant stress and improved performance on reperfusion, as observed with other potassium channel openers (65) . Reduction, by diazoxide, of mitochondrial ROS generation after anoxia-reoxygenation can proceed in a potassium-independent manner and can be mimicked by inhibition of succinate dehydrogenase (46) . Calculations indicate that opening of mitochondrial K ATP channels would reduce membrane potential by Ͻ4 mV because of moderate potassium influx (31) . However, this is not accompanied by reduction in total proton-motive force and deenergization of mitochondria, as reduction in membrane potential is compensated for by an increase in the pH gradient (⌬pH) (6, 7) . In fact, the increase in ⌬pH could be beneficial for mitochondrial substrate transport and oxidation. Because mitochondrial ROS production depends primarily on the total proton-motive force rather than on any of its components (7, 8, 59) , the effect of diazoxide on succinate dehydrogenase inhibition and ROS generation cannot be readily explained by changes in mitochondrial potassium conductance and reduction in membrane potential. Conversely, ROS generation is very sensitive to modulation of dehydrogenase or respiratory chain activity and subsequent changes in proton-motive force or redox state (8, 30, 59, 67) .
Potassium channel openers, such as nicorandil and pinacidil, have anti-free radical effects and attenuate oxidant stress, a major damaging factor at reperfusion (49, 65) . Moreover, potassium channel openers, including diazoxide, were shown to reduce oxidative damage at the cellular and mitochondrial levels (17, 37, 43, 46) . Yet other reports indicate that potassium channel openers can also increase ROS generation, mostly in the cellular environment (5, 15, 22, 32) . The apparent discrepancy may be due to the experimental conditions and models used. Indeed, in the present study, ROS generation was decreased on diazoxide exposure but increased upon diazoxide washout, apparently reflecting initial inhibition of dehydrogenase and follow-up reactivation. This could explain the apparent controversy in previous studies, as increase in ROS generation by potassium channel openers was observed when media changes and washing procedures, which could trigger ROS production, were used. Other factors, such as time of drug exposure and changes in the cellular redox state, can also contribute to the observed effects (7, 30, 67) . In addition, because inhibition of succinate dehydrogenase by diazoxide reduces reverse electron transfer (50) , this might accelerate oxidation of NADHdependent substrates coupled with ROS generation (21, 39) .
The antagonist of mitochondrial potassium channel openers 5-HD circumvented the effect of diazoxide on succinate dehydrogenase by increasing electron flow to the respiratory chain. In fact, 5-HD did not relieve diazoxide-induced inhibition of soluble succinate dehydrogenase. This is in line with the ability of heart mitochondria to metabolize 5-HD (23, 60) , resulting in increased supply of electrons at the flavoprotein level of acyl CoA-dehydrogenase and alterations in myocardial substrate oxidation (23) . Indeed, attenuation of ROS production in diazoxide-treated mitochondria was reversed by 5-HD (46) , indicating that bypass of succinate dehydrogenase blunts the ability of diazoxide to reduce mitochondrial damage.
Other potassium channel openers structurally distinct from diazoxide, such as pinacidil, nicorandil, cromakalim, and rilmakalim, had marginal effects on succinate dehydrogenase activity (data not shown). Rather, it was reported that pinacidil inhibits NADH (23) and ␣-ketoglutarate oxidation (18) , whereas nicorandil through the release of nitric oxide could modulate the activity of the mitochondrial respiratory chain (23, 52, 56) . Pinacidil, similarly to diazoxide, also activates pyruvate plus malate-coupled respiration, producing an uncoupler-like effect, which was potassium independent and could be blocked by carboxyatractyloside, an inhibitor of the adenine nucleotide translocator (28) . Moreover, nicorandil and pinacidil also reduce cellular oxidative stress on reoxygenation (49, 65) . Therefore, potassium channel openers may target distinct components of the substrate oxidation machinery; yet, their common outcome is attenuation of oxidant stress, leading to mitochondrial protection.
The present results further demonstrate that diazoxide also attenuates the activities of cellular Ca 2ϩ / Mg 2ϩ -ATPase as well as mitochondrial F o F 1 -ATPase in the heart, in line with reports of diazoxide-mediated regulation of mitochondrial and plasma membrane ATPases (3, 13, 31, 50) . Indeed, dehydrogenases and ATPases/kinases share similarities in nucleotide binding properties and regulatory mechanisms (14, 21, 62) . Potassium channel opener-mediated activation of K ATP channels requires nucleotide binding folds and transmembrane domains of the sulfonylurea receptor, a regulatory subunit of the K ATP channel complex (3, 41) . Indeed, potassium channel openers modulate sarcolemmal ATPase activity, presumably by targeting ATP hydrolysis intrinsic to the sulfonylurea receptor, which regulates nucleotide-dependent K ATP channel gating (3, 73) . In this regard, a sequence of a succinate dehydrogenase subunit was actually found within the sulfonylurea receptor gene (71) . Therefore, it is conceivable that structural similarities between flavin adenine nucleotide and adenine nucleotide binding proteins, including succinate dehydrogenase, ␣-glycerophosphate dehydrogenase, NADH dehydrogenase, and ATPases, underlie the action of potassium channel openers (1, 3, 9, 14, 23, 57) .
Reduction of ATPase activity and cellular ATP consumption by diazoxide contributed to preservation of ATP levels and adenine nucleotide pool during ischemia. In diazoxide-treated hearts, the larger fractional decrease in xanthine compared with hypoxanthine levels indicates that the potassium channel opener may target specific steps in nucleotide degradation (40) . This may include the flavoprotein-containing enzyme xanthine oxidase, which catalyzes conversion of xanthine to hypoxanthine. The regulation of the transition from the dehydrogenase to the oxidase form of this enzyme is an important step in cellular protection against injury (48) . Thus diazoxide-induced attenuation of nucleotide hydrolysis and metabolism provides a mechanistic basis for previous observations on potassium channel opener-mediated preservation of ATP levels during ischemia (20, 38) . Although not universally observed (27) , an ATP-sparing effect and the reduction of nucleotide degradation could contribute to improved recovery of preconditioned hearts (40, 42, 51) . Among other mechanisms, changes in mitochondrial intermembrane space volume by diazoxide-induced swelling could reduce ATP/ADP import/export from mitochondria, thus sustaining the cellular nucleotide pool (9) .
In summary, by targeting nucleotide-requiring enzymes, particularly mitochondrial succinate dehydrogenase and cellular ATPases, diazoxide reduces ROS generation and nucleotide degradation, resulting in preservation of tissue ATP levels during ischemia. Thus directed regulation of mitochondrial dehydrogenase-dependent substrate oxidation and adenine nucleotide metabolism is an alternative strategy in cellular protection and tolerance to stress.
